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Abstract 
The pre-and post-failure fatigue properties of intact sandstone subjected to uni-axial cyclical loading in 
the laboratory is presented with its possible implication to vibratory rock cutting. The fatigue results 
subjected to sinusoidal, ramp and square waveforms at cyclic loading frequency of 5 Hz and peak 
amplitude of 0.05 mm is discussed herewith. It is observed that fatigue behaviour is a function of the 
dynamic energy of the load and the shape of the waveform. From the presented results, the practical 
significance of the behaviour of rock and rock masses within the excavation systems subjected to cyclic 
loads, especially in the vibratory rock cutting is put forward. To substantiate the cyclic breaking of rock 
under vibratory loading condition, a numerical simulation results using discrete element code is 
presented. Two loading cases were considered. In the first case, the wedge pick was loaded non-cyclically 
(monotonically), and in the second case it was loaded dynamically under cyclic sinusoidal loading at 50 
Hz frequency. A load-deformation curve under monotonic (non-cyclic) loading condition and cyclic 
loading conditions were examined. The model showed a drop of about 25% in peak strength in the case 
of cyclically loaded wedge pick compared to monotonic or quasi-static loading of the wedge pick cutting. 
It is inferred that the vibratory loading has benefits in fracturing rock at relatively lower load compared to 
conventional loading 
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FatIgue PRoPeRtIeS oF Intact SandStone In 







The pre- and post- failure fatigue properties of intact sandstone subjected to uni-axial  cyclical loading in the 
laboratory is presented with its possible implication to vibratory rock cutting. The fatigue results subjected 
to sinusoidal, ramp and square waveforms at cyclic loading frequency of  5 Hz and peak amplitude of 
0.05 mm is discussed herewith. It is observed that fatigue behaviour is a function of the dynamic energy 
of the load and the shape of the waveform. From the presented results, the practical significance of the 
behaviour of rock and rock masses within the excavation systems subjected to  cyclic loads, especially in 
the vibratory rock cutting is put forward. To substantiate the cyclic breaking of rock under vibratory loading 
condition, a numerical simulation results using discrete element code is presented. Two loading cases were 
considered.  In the first case, the wedge pick was loaded non-cyclically (monotonically), and in the second 
case it was loaded dynamically under cyclic sinusoidal loading at 50 Hz frequency. A load-deformation 
curve under monotonic (non-cyclic) loading condition and cyclic loading conditions were examined. The 
model showed a drop of about 25% in peak strength in the case of cyclically loaded wedge pick compared 
to monotonic or quasi-static loading of the wedge pick cutting. It is inferred that the vibratory loading has 
benefits in fracturing rock at relatively lower load compared to conventional loading.
1. iNTrOduCTiON






jointed	 rock	are	extremely	susceptible	 to	cyclic	 fatigue	
failure.	For	the	detailed	review	and	studies	on	the	subject	
refer	 to	 	 various	 publications[1,2,3,4,5,6].	 In	 cited	 various	
publications,	 fatigue	behaviour	 of	 sandstone,	 siltstone	
and	 conglomerate	 rocks	 obtained	 from	 the	 rock-burst	
prone	 Ostrava-Karvina	 coalfield	 is	 presented.	 The	
significance	of	 low-load	 frequency	and	high	amplitude	





were	 attempted	 to	 corroborate	with	 its	 implications	 to	
vibratory	rock	cutting.	As	discussed	in	one	of	the	paper[4] 
fracture	and	fragmentaion	of	sandstone	rock	was	found	
to	 affect	 significantly	 at	 low	 loading	 frequency	when	
compared	to	higher	frequency	and	it	was	suggested	that	













2. TEST EQuiPmENT ANd SChEmE 
The	 deatils	 of	 the	 tested	 rock,	 equipment	 and	 test	




The	samples	were	of	1:1	diameter	 to	 length	 ratio	with	
average	diameter	of	47.5	mm.	Samples	were	prepared	
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results.	On	an	average	 three	samples	were	 tested	 for	
individual	testing	conditions.
The	 dynamic	 fatigue	 strength	 obtained	was	 higher	 in	
the	case	of	ramp	loading	waveform	compared	to	that	of	
sinusoidal	and	square		(Fig.	3).	The	post-failure	negative	
slope	 (Fig.	4)	 found	 to	be	higher	 in	 the	case	of	 ramp,	
followed	by		sinusiodal	and	least	in	the	case	of	sqaure	
waveform.	The	 least	post-failure	negative	slope	 in	 the	
case	 of	 sqaure	waveform	 suggests	 that	 under	 such	






scheme	and	waveform	 types	 and	 their	 characteristics	
can	be	 found	elsewhere[5,6].	The	 tests	were	conducted	
with	axial	displacement	controlling	 loading	system	and	
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Fig. 4	:	Post	failure	slope	with	loading	waveforms[6] 










all	 those	 presented	 results	 as	 above,	 it	 is	 concluded	
that	 the	 damage	accumulated	most	 rapidly	 under	 the	
square	waveforms	compared	 to	others.	The	maximum	
loading	 rate	 in	a	waveform	 found	 to	strongly	 influence	












This	 study	 focused	 on	 investigating	 the	 effects	 that	
waveform	and	 amplitude	 have	 on	 the	 dynamic	 cyclic	
fatigue	behaviour	of		intact	sandstone	rock.	Based	on	the	
work	presented,	the	following	inferences	are	made:
Fatigue	 behaviour	 	 of	 the	 rock	 due	 to	 uniaxial	 cyclic	
compression	is	a	function	of	the	shape	of	waveform	and	
the	workdone	 by	 the	 load.	 The	 damage	accumulates	




with	 less	dynamic	energy	requirement	 to	cause	 failure	
in	 the	rock	samples	 for	a	given	 loading	 frequency	and	
amplitude.	The	 loading	waveforms	 strongly	 influences	
the	 damage	accumulation	 (accumulated	 deformation)	











waveforms	with	 a	 high	 dynamic	 energy	 requirement	
and	 followed	 by	 sinusoidal	 and	 	 ramp	 waveforms.	
These	 results	demonstrate	 that	 it	 is	 the	 loading	 rate	




that	 the	higher	amplitude	and	or	 constant	 amplitude	
for	long-residence	period	and	low-frequency	is	of	the	
great	 significance	 in	 cyclic	 loading	 conditions	which	
will	 help	 in	 better	 rock	 fragmentaion	 and	 fracturing	
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the	damage	acumulation	in	rock.	It	is	found	that	type	of	
loading	waveform	affects	the	various	pre-	and	post-failure	
rock	 properties	 presented	 here	 in	 dynamic	 	 uniaxial	





5. diSCrETE ElEmENT SimulATiON OF VibrA-















with	 pre-existing	 cracks[8,9,10].	 The	Discrete	 Element	
Method	 (DEM),	 particularly	Particle	Flow	Code	 (PFC),	
has	been	used	to	simulate	the	failure	process	of	rock	by	
mechanical	indentation[11].  






For	 joints,	 a	 Coulomb	 joint	 slip	 failure	 constitutive	
model	was	chosen	as	 it	allows	understanding	of	 the	
general	 indention	mechanisms.	 	 For	 comparison	 of	
force-penetration	curves	in	cyclic	and	non-cyclic	motion	
of	the	cutter,	a	continuously	yielding	joint	model	was	
adopted[12].	 In	 all	 the	 cases,	 a	 friction	 angle	 of	 10o	
was	chosen	between	the	indenter	and	the	rock.		Also	





When	a	 pick	 is	 pressed	 against	 the	 rock	 at	 a	 certain	
edge	distance,	a	plastic	zone	(crushing)	forms	beneath	
the	 indenter,	 and	 a	 distinct	 crack	 emanates	 from	 the	





considered.	 	 In	 the	first	case,	 the	wedge	 indenter	was	
loaded	non-cyclically	(monotonically),	and	in	the	second	
















(vertically	 down)	and	 its	movement	 in	X	direction	was	
restricted.		
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Fig. 10	:	Load-Displacement	curve	in	variable	amplitude	
cyclic	loading
Further	work	 is	 needed	before	 findings	of	 the	present	
study	can	be	applied	in	a	quantitative	sense,	and	more	
focus	 is	 needed	 on	 the	 experimental	 program	on	 the	
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These	 simulation	 results[12]	 show	 that	 a	 peak	 force	
of	13.2	kN	was	attained	before	 failure	was	achieved	
during	monotonic	(non-cyclic)	loading.	However,	with	
cyclic	 loading	 the	peak	 force	achieved	was	 reduced	
to	 9.93	 kN	 (about	 a	 25%	 drop).	 It	 can	 be	 inferred	
from	 the	 simulation	 results	 that	 variable	 amplitude	
cyclic	loading	requires	relatively	less	force	to	fracture	
compared	 to	 non-cyclic	 loading	 in	 the	 configuration	
considered.	From	the	studies	where	fatigue	behavior	
of	the	rock	is	discussed	in	cyclic	loading	also	inferred	
that	 low-loading	 frequency	with	 higher	 amplitude	 or	
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deSIgn oF lInIng FoR a MIne ShaFt and declIne 
uSIng nuMeRIcal ModellIng technIQueS 
Islavath Sreenivasa Rao
Department	of	Mining	Engineering,	University	of	Engineering	(KU),	Kothagudem,	India
Debasis Deb and Sujeet Bharti
Department	of	Mining	Engineering,	IIT	Kharagpur,	India
AbSTrACT
A chromite ore body located in eastern India is to be extracted by sub-level open stoping method. A 
vertical circular shaft and a decline are required to be developed for transporting man, material and air.  
It is decided that the shaft and the portal of the decline will be located in the footwall side of the ore body.  
The top most cross-cut from the decline will contact the ore body at about 170 mRL. This study has been 
conducted to evaluate the engineering properties of lining material and its thickness for the proposed 
shaft and decline geometry.  In order to perform such tasks, borehole rock samples are tested to estimate 
the engineering parameters of the country rocks and ore body. Apart from that rock mass rating (RMR) 
and geological strength index (GSI) of rocks are also determined. Two dimensional numerical modelling 
techniques have been employed to estimate the stress and displacement distributions around the decline 
and shaft.  This paper presents the methodology and results of this study and demonstrates the efficacy 
of numerical modelling technique in stability analysis of shaft and decline.
iNTrOduCTiON
Out	of	 total	 reserves	 in	 India,	95%	of	chromite	occurs	
in	 Orissa,	 and	 it	 has	 wide	 usage	 in	 chemical	 and	













































rock Type w.Serpentinite Serpentinite Chromite Pyroxenite Quartzite
RQD	(%) 56.81 83.65 75.41 78.37 63.66
RMR 47 71 75 74 76
Density	(kg/m3) 2745 2745 3537.9 2350 3000
28
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mechanical Parameters of Core Samples
The	 rock	 core	 samples	 collected	 from	 the	mine	 site	
were	cut	and	polished	to	the	size	recommended	by	the	
International	Society	 of	Rock	Mechanics	 (ISRM).	 The	
length	 to	 diameter	 ratio	 of	 the	 uni-axial	 compressive	
strength	 and	 the	 tensile	 strength	 are	 2.5	 to	 3.0	 and	
0.5	 respectively.	 The	UCS,	 tensile	 strength,	modulus	
of	 elasticity	 and	Poisson’s	 ratio	 of	 the	 rock	 samples	
are	determined	in	the	laboratory	to	use	as	input	to	the	
numerical	model	and	are	listed	in	Tables	2	and	3.	























Here,	mi	 =	 the	Hoek-Brown	parameter	 of	 intact	 rock,	 
σci	 =	 uniaxial	 compressive	 strength	 (Intact	 rock	 core),	 





NumEriCAl mOdElliNG FOr dESiGN OF ThE miNE 
ShAFT ANd dECliNE
The Finite Element method
Finite	element	method	is	an	effective	tool	for	the	analysis	
of	mechanical	and	structural	components	of	machinery.	
This	 method	 is	 amenable	 to	 systematic	 computer	
programming	 and	 offers	 a	 scope	 for	 application	 to	 a	
wide	 range	of	 problems	 for	 analysis.	 	 This	method	 is	
now	adopted	in	almost	all	branches	of	engineering	where	
complex	structures,	fluid	dynamics	problems,	mine	and	
tunnel	 structures	 and	 similar	 problems	are	 addressed	
(Bathe,	K.	J.,	2007).





												(a)	Uni-axial	compression	test	 	 (b)	Tension	test	 	 															(c)	Stress-strain	relationship	curve
Fig. 1 :	Testing	of	mechanical	properties	of	rocks
Table 2 :	UCS	and	Tenile	strength	of	different	rocks
rock type w. Serpentinite Serpentinite Chromite Pyroxenite Quartzite
Avg.	UCS	(MPa) 132 152.56 113.18 115 110
Avg.	(MPa) 4.05 11.82 10.33 3.2 3.5
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	 	 [K]			=	 global	stiffness	matrix	based	on	material
	 	 	 properties,
	 	 {q}			=	 displacement	vector	containing	each		
	 node.


































to	 incorporate	 jointed	 rock	mass	with	 few	 centimetre	
spacing,	weathered	and	watery	conditions.	











	 2(a)	Vertical	section	of	excavation	model				 	 	 	 2(b)	Vertical	section	of	in-situ	model
Fig. : 2a	and	2b
	 	 				3(a)	Meshed	model	 	 	 	 								3(b)	Boundary	conditions	are	applied
Fig. :	3a	and	3b
31
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loading and boundary Conditions
To	apply	 loads,	 the	models	 are	 constrained	 from	 two	
sides,	 those	 are	 (i)	 perpendicular	 to	 the	 strike	 of	 ore	
body	and	(ii)	bottom	surface.	Surface	traction	pressure	
is	applied	 to	another	side	as	shown	 in	Figure	3b.	The	







All	 2D	 finite	 element	 models	 have	 been	 analyzed	
using	elasto-plastic	behaviour	of	rock	materials	in	plain	
strain	 condition.	Results	 are	 enumerated	 in	 terms	 of	
principal	 stress	 distribution	 and	plastic	 strains	 around	
the	excavations.	







minor Principal Stress (σ3) distribution
Distribution	of	minor	principal	stresses	around	the	stope	








analyzed	 to	 determine	 the	 plastic	 zone	 in	 the	 rock	




proper	 support	 system	 is	 required	 to	protect	 decline	























1840.107 0.138 2745.0 11.525 3.00 35
Serpentinite 4064.160 0.138 2745.0 3.924 1.25 25
Chromite 6816.800 0.144 3537.9 3.570 1.25 20
Quartzite 5090.627 0.150 2350.0 17.156 4.00 40
Pyroxenite 1717.700 0.200 3000.0 11.939 4.18 20
4a:	Major	Principal	stresses	of	vertical	section		 4b:	Minor	Principal	stresses	of	vertical	section
Fig. :	4a	and	4b
Design of Lining for a Mine Shaft and Decline using Numerical Modelling Techniques
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Fig. 5	:		Distribution	of	intensity	of	plastic	strain




















loading and boundary Conditions
The	model	 is	constrained	from	two	sides,	(i)	along	the	
strike	of	the	ore	body,	and	(ii)	perpendicular	to	the	strike	




 σu	=	σv,	MPa	 	 	 	...(5)
Horizontal	stress	perpendicular	 to	 the	strike	of	 the	ore	




mentioned	 in	Table	 3	 are	 also	 applied	 for	 this	model.	
Results	 in	 terms	of	plastic	zone	around	 the	shaft	area	
are	analyzed	and	presented	below.
distribution of Plastic Strain








Strength of lining material












	 	 6a:	Finite	element	mesh	model	 	 																									6b:	Boundary	condition	is	applied
Fig.	:	6a	and	6b
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The	maximum	 value	 of	 the	 radial	 pressure	 is	 then	





(Brady	and	Brown,	 2007).	 Table	 4	 lists	 the	 required	










σxx	MPa -1.64 -2.3 -3.33 -4.32 -4.81 -5.63 -1.22 -1.46 -2.73 -1.13 -1.3
σyy		MPa -7.37 -7.98 -2.67 -7.05 -3.74 -2.82 -6.22 -8.94 -9.05 -7.83 -8.27
τxy	MPa 0.13 -1.84 -2.51 -3.47 -3.5 -3.33 2.13 1.42 -0.51 1.58 1.44
Pcr	MPa 1.71 1.81 0.94 2.65 1.71 0.98 1.16 1.62 2.79 2.2 2.68
σcc	MPa 29.55 31.28 16.19 45.79 29.5 16.92 20.08 27.98 48.23 38.01 46.33
CONCluSiONS
1.	 From	 2D	 finite	 element	 analysis,	 it	 is	 found	 that	
failure	zone	may	occur	in	the	rock	mass	surrounding	
the	unlined	shaft,	decline	area	and	some	part	of	the	
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2.	 The	permanent	lining	of	the	decline	is	composed	
of	 reinforced	 concrete	 beam	 of	 1m	 width	 and	
an	 I-beam	 of	 20	mm	made	 of	 steel	 is	 placed	 in	
between	 2	 concrete	 beams.	 Prior	 to	 erection	 of	
the	permanent	 lining,	 the	ground	 is	stabilized	by	
grouted	fore-poling	method.	Ribbed	steel	rods	of	
38	mm	 diameter	 and	 3	m	 in	 length	 are	 grouted	





3.	 It	 is	 recommended	 that	 a	 composite	 support	
consisting	of	a	20	mm	thick	steel	beam	and	0.5	m	
wide	 reinforced	 concrete	 beam	 placed	 on	 either	
side	of	the	steel	beam	is	considered	to	represent	
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